We investigated the effect of ionizing radiation on organic matter (OM) in the carbonaceous uranium (U) mineralization at the Mulga Rock deposit, Western Australia.
Abstract
We investigated the effect of ionizing radiation on organic matter (OM) in the carbonaceous uranium (U) mineralization at the Mulga Rock deposit, Western Australia.
Samples were collected from mineralized layers between 53 to 58.5 m depths in the Ambassador prospect, containing <5300 ppm U. Uranium bears a close spatial relationship with OM, mostly finely interspersed in the attrinite matrix and via enrichments within liptinitic phytoclasts (mainly sporinite and liptodetrinite). Geochemical analyses were conducted to: (i) identify the natural sources of molecular markers, (ii) recognize relationships between molecular markers and U concentrations and (iii) detect radiolysis effects on molecular marker distributions. Carbon to nitrogen ratios between 82 and 153, and Rock-Eval pyrolysis yields of 316 to 577 mg hydrocarbon/g TOC (HI) and 70 to 102 mg CO 2 /g TOC (OI) indicate a predominantly lipid-rich terrigenous plant OM source deposited in a complex shallow swampy wetland or lacustrine environment. Saturated hydrocarbon and ketone fractions reveal molecular distributions co-varying with U concentration. In samples with <1700 ppm U concentrations, long-chain n-alkanes and alkanones (C 27 to C 31 ) reveal an odd/even carbon preference indicative of extant lipids. Samples with ≥1700 ppm concentrations contain intermediate-length n-alkanes and alkanones, bearing a keto-group in position 2 to 10, with no carbon number preference. Such changes in molecular distributions are inconsistent with diagenetic degradation of terrigenous OM in oxic depositional environments and cannot be associated with thermal breakdown due to the relatively low thermal maturity of the deposits (R r = 0.26 %). It is assumed that the intimate spatial association of high U concentrations resulted in breakdown via radiolytic cracking of recalcitrant polyaliphatic macromolecules (spores, pollen, cuticles, or algal cysts) yielding medium chain length n-alkanes (C 13 to C 24 ). Reactions of n-alkenes with OH -radicals from water hydrolysis produced alcohols that dehydrogenated to alkanones or through carbonylation formed alkanones. Rapid reactions with hydroxyl radicals likely decreased the isomerization of n-alkenes and decreased alkanone diversity, such that the alkan-2-one isomer is predominant. This specific distribution of components generated by natural radiolysis enables their application as "radiolytic molecular markers". Breaking of C-C bonds through radiolytic cracking at temperatures much lower than the oil window (<50º C) can have profound implications on initiation of petroleum formation, paleoenvironmental reconstructions, mineral exploration and in tracking radiolysis of OM.
INTRODUCTION
The evolution of many uranium (U) deposits can be closely linked to organic matter (OM), particularly those hosted by peat and lignite (e.g.; Halbach et al., 1980; Ilger et al., 1987; Spirakis, 1996a; Alexandre and Kyser, 2006) . The association of uranium with OMrich deposits in other sedimentary environments are also documented (e.g. Breger, 1974; Idiz et al., 1986; Disnar and Sureau, 1990) . It has been reported that OM plays a role in: (i) concentrating uranium through sorption; (ii) forming stable complexes; and (iii) involving reduction-oxidation (redox) changes of uranyl species. In systems where temperatures remain below 50° C, reduction of aqueous soluble U [VI] to less soluble U [IV] is a relatively slow process, however microbially-mediated processes and catalysis by clay minerals are kinetically favoured (e.g. Anderson, 1987; Goldhaber et al., 1987; Landais et al., 1987; Nakashima et al., 1984; Lovely et al., 1991; Nakashima et al., 1999; Behrends and Van Cappellen, 2005; Jeon et al., 2005) .
A carbonaceous uranium and multi-element deposit, referred to as "Mulga Rock" from Western Australia (Fig. 1a) , is hosted in mid-Eocene lignite, peat, carbonaceous sandstone and shale (Douglas et al., 2011) . Uranium at Mulga Rock bears a close relationship with OM and this provides important clues to the interaction between OM, uranium deposition, and the Figyre 1 effect of ionizing radiation on the OM. In our study of this deposit, we aim to: i) recognize the natural sources of molecular biomarkers; ii) identify relationships between molecular biomarkers with uranium accumulations; and iii) detect radiolysis effects on molecular distributions. This approach has been recognised, but it has not been overly exploited for its potential applications to tracking radiolysis, for uses in petroleum and mineral exploration, and for understanding the mechanisms leading to the formation of low-temperature uranium ore in carbonaceous deposits (Landais et al., 1987; Forbes et al., 1988; Landais, 1996a; Gizė, 2000; Greenwood et al., 2013) . Here we show that the biologically associated distributions of saturated and polar hydrocarbons from samples with low uranium concentrations are distinct from those associated with mineralized deposits having at least 1700 ppm U concentrations.
We ascribe this difference from the results of ionizing radiation with immobilization of uranium and its daughter products into the highly aliphatic phytoclasts and very fine organic matrix of carbonaceous mud at Ambassador. We propose the term "radiolytic molecular markers" to distinguish products resulting from the mechanism of cleaving due to ionizing radiation rather than from those due to thermal cracking or microbial oxidation.
Radiolysis
The chemical alteration that results from exposure to radioactive materials is radiolysis (Meunier et al., 1990) . Resulting products of radiolysis can mask the original molecular composition. Alteration of organic matter exposed to ionizing radiation manifests in various ways, and these can be studied through different analytical techniques. In petrographic analysis, vitrinite reflectance increases (Breger, 1974) and complexly zoned haloes form in the organic matrix around U-bearing minerals (Leventhal, 1987) . Bulk elemental analyses revealed a decrease in H/C and increase in O/C (Landais et al., 1987; Kříbek et al., 1999; Court et al., 2006) .
The bitumen yield decreases and is 13 C enriched (Dahl et al., 1988; Landais, 1993; Leventhal and Threkeld, 1978) . Molecular composition of bitumen also changes with a decrease in saturated hydrocarbons, whereas aromatic and polar hydrocarbons as well as asphaltenes increase (Zumberge et al., 1978; Forbes et al., 1988; Kříbek et al., 1999; Court et al., 2006) . In addition, aromaticity increases with uranium content, for example at Cluff Lake (Landais, 1993) , as aromatic hydrocarbons are more stable than aliphatic hydrocarbons in the presence of ionising radiation (Bovey, 1958) .
Intensive radiolysis may cause polymerization and condensation of functionalized lipids thus reducing the amount of aliphatics in altered bitumen (Lewan et al., 1991; Landais, 1996b and references therein). A proposed mechanism for this is by the crosslinking of hydrocarbons due to interaction with a free radical. This free radical is produced from the loss of a hydrogen atom with the absorption of radiation energy. When a free radical interacts with another hydrocarbon, a hydrogen atom is abstracted and a C-C bond is formed. Such a mechanism may continue until alkanes and long-chain polymers are rendered infusible (Lewan and Buchardt, 1989; Lewan et al., 1991) . Another mechanism that causes polymerization of hydrocarbons is gradual construction from methane (Court et al., 2006) .
Geological Setting
Uranium mineralization in the Cenozoic Narnoo Basin of Western Australia is concentrated towards the end of a paleochannel within the Yilgarn Craton (Fig. 1a) . The area has a semi-arid to arid climate with erratic rainfall accumulating 220 mm annually and has a mean daily maximum temperature of 34° C and minimum of 18° C in January, whereas in July the maximum is at 16° C and minimum at 6° C (Douglas et al., 2003) . The deposit has not been exposed to temperatures above 50° C. The sediments within the Narnoo Basin were deposited in the Late Mid-Eocene to Late Eocene between the Lower and Upper levels of the Gunbarrel Basin deposits ( Fig. 1b ; Douglas et al. 2011 (Douglas et al., 2011) .
METHODS
Six samples were collected from the Ambassador Uranium prospect drill core 5766 ( Fig.   1a ) between 53 to 58.5 m of sedimentary units. Uranium concentrations were measured in the field using a handheld Niton Xlt3 X-Ray Fluorescence (XRF) unit (Fig. 1b) .
Bulk geochemical analyses
The samples were stored at 4° C prior to analysis. Following oven drying at 50° C (three days), samples were powdered finely with a pestle and mortar. About 25 mg of homogenized powder was tested for carbonate by adding hydrochloric acid (HCl, 1M 
Molecular analyses
About 5 g of dry sample material was weighed into a dichloromethane (DCM) preextracted glass fibre thimble and ultrasonically extracted (3 x 15 minutes) in an ice bath with DCM. Fresh DCM was used for each sonication cycle. The total extract was concentrated tõ 3 mL by evaporating the solvent under a nitrogen purge. Activated Cu powder was added to the total extracts (48 hr) to remove elemental sulfur.
The total extract was filtered through a Pasteur pipette with pre-extracted cotton wool and DCM-rinsed MgSO 4 to remove fine CuS, salts, and residual water. The total extract was dried and weighed, and 50% aliquot of the total extract was adsorbed onto pre-activated (120° C for 8 hours) silica gel. The pre-adsorbed sample was loaded onto a silica gel chromatography column (50 mm length x 5 mm diameter), which were pre-cleaned with n-hexane. Saturated, aromatic and polar fractions were eluted using 2 mL solvent mixtures of nhexane, 8:2 (v/v) n-hexane: DCM, and 1:1 (v/v) DCM: methanol (MeOH), respectively.
In order to separate the ketones, the polar fraction was adsorbed onto silica gel. The dried sorbate was placed on top of a n-hexane pre-rinsed potassium hydroxide ( 
Instrumentation
Saturated hydrocarbons and ketones were injected splitless via an autosampler into a 6890 gas chromatograph (GC) equipped with a DB-5MS column (60 m x 0.25 mm i.d x 0.25 µm film thickness) and interfaced to an HP 5973 mass selective detector. Helium was used as carrier gas (1 mL/min). The saturated hydrocarbon were dissolved in hexane for injection and the GC oven temperature was ramped from 40° C at 3°C /min to 310° C, which was held for 30 minutes. The ketone fraction was dissolved in DCM and the GC oven temperature was ramped from 40° C at 10° C/min to 200° C. The heating rate was decreased to 2° C/min and held at this rate to 320° C, which was held for 30 minutes. Operated in electron ionization mode using 70 eV, masses were scanned from m/z 50 to 500 Daltons.
RESULTS

Lithology
Samples were collected from loosely consolidated mid-Eocene carbonaceous sediments from 53 to 58.5 m. The colours of the sediments also reflect their relative characteristic as reduced or oxidized (Fig. 1b) . The reduced deposits are carbonaceous dark brown to black clay at depths of 53 to 55 m, which transitions into very fine-grained sand coated with brown to black clay from 56 to 57.5 m, which is overlain by carbonaceous dark brown to black clay between 57.5 to 59 m. The reduced deposits are capped by leached, kaolinitic white clay at depths of 51 to 52 m, representing a redox front that is defined by the distinct shift from oxidized reddish sands above 48.5 m to highly reduced carbonaceous clays from 53 to 55 m.
Mineralization is present in the reduced layers where Uranium concentrations range from barren or background (<200 ppm) to high intermediate (>1700 ppm) with the highest concentration of 5280 ppm in the upper 1 m of the carbonaceous deposit.
Petrographic analyses
Humotelinite (Sykorova et al., 2005) is rare in this sample set, its presence however allows for determination of the thermal maturity of the carbonaceous shale. The mean random reflectance of eu-ulminite, which is equivalent to vitrinite reflectance of more mature sediments is R r =0.26 % (based on 50 measurements with a standard deviation of 0.05 %).
A composite maceral analysis performed over all five samples (see Methods) revealed huminite as the predominant type of particulate OM. It is present mainly in the form of attrinite, a maceral of the maceral subgroup detrohuminite, characterizing humic matter that forms a porous groundmass (Sykorova et al., 2005) . This attrinitic groundmass contains most of the liptinite and very fine-grained mineral matter (Fig. 2a ). Samples contain rare bright metal ores, probably sulfides ( Fig. 2 a, b ), but optical identification of individual uranium ore minerals was not possible due to their small size or amorphous character.
The liptinites (Taylor et al., 1998) however detritic macerals (liptodetrinite) are less frequent (1.1 to 6.6 %), whereas wellpreserved liptinites (sporinite, cutinite, resinite and minor proportions of suberinite) are predominant. About 4 % alginite was noted in one sample of coal, indicating that fragments of alginite may constitute a small proportion of the liptodetrinite in the carbonaceous shale.
The macerals in the samples are clearly of terrestrial origin. Evidence of the effect of radiation on the optical properties of some of the particulate organic matter could not be detected in white light or fluorescence mode.
Bulk OM composition
A summary of measured bulk parameters is listed in Table 1 . Based on our organic petrographic results, we conclude that the particulate OM accumulated in the carbonaceous shale is of terrigenous origin. The bulk composition of the kerogen is a mixture of Type-III or derived from woody, and Type I, which are from non-woody parts of terrigenous plants (e.g.
cuticle, spores, and minor amounts of Type-I kerogen from aquatic algae and bacteria). This mixture of biological input from different sources is reflected in the HI and OI values (Fig.   3a ). These define a hydrogen-rich (HI of 577 mg hydrocarbon/g TOC) and oxygen-poor (OI of 35 mg CO 2 /g TOC) end-member from a hydrogen poor (HI of 292 mg hydrocarbon/g TOC) and oxygen-rich (OI of 69 mg CO 2 /g TOC) end-member, with the five samples that have <1700 ppm U forming a mixing line between these two end-members (Fig. 3a) . Sample MR-49 deviates from this trend because of a reduced HI-value of 316 mg hydrocarbon/g is not caused by a lower quantity of OM (Table 1) (Table 1; Berner and Raiswell, 1984) , which are depleted in sulfate (Fig. 3c) . MR-49 has an anomalously high-S content compared to the other samples.
Molecular composition
n-Alkane distributions
The aliphatic hydrocarbon composition of the carbonaceous mud is dominated by long chain n-alkanes with an odd-over-even predominance (Fig. 4) . This is typically observed in complex mixture rules out a microbial origin for these aliphatic hydrocarbons (Peters et al., 2005) .
n-Alkanone distribution
In the carbonaceous shale investigated here, a series of C 13 -to C 33 -alkanones was detected exhibiting multiple ketone positions between C 2 to at least C 10 in the alkyl chain abundant particularly for samples MR-50, MR-51, MR-52, and MR-54 ( Fig. 5d-g ), similar to the n-alkane distributions. The alkanone mode shifts from C 27 in the four previous samples to C 19 in MR-49, with MR-53 hinting at a transition (Fig. 5b, c ) thus mimicking changes in chain length of the n-alkane distribution. Alkanone concentrations in samples MR-52 and MR-54 are low and the distribution patterns may be affected by analytical bias such as the instrumental resolution (e.g. instrumental resolution; Fig. 5e, g ). Samples MR-49, MR-53, MR-51, and MR-50 contain high abundances of alkanones and the distribution patterns reveal significant variation in chain length and in proportion of terminal versus internal alkanones (Fig. 6b ).
DISCUSSION
Sources and overprinting of n-alkanes
The increase in sample MR-49 of exclusively short to medium chain-length n-alkanes (C 13 to C 24 ), with no odd-or even-predominance indicates their likely generation from a polyaliphatic biopolymer with exclusively straight chain n-alkyl moieties. Thermal maturation leading to cracking of C-C bonds in this biopolymer can be excluded due to lack of a heat source and hence radiolytic cleavage of alkyl chains from the biopolymer is invoked, supported by the elevated concentrations of 5280 ppm U in the sample. The nalkenes generated by radiolytic cracking of the biopolymer will then have been protonated rapidly in a low pH environment with abundant hydrogen present. The lack of n-alkenes in the sample may indicate that the process of radiolytic cracking took place at rates lower than the hydrogenation potential and/or that the cracking process may have reached an optimum already. Although the depositional age of the sediments at Ambassador is Eocene, the age of the uranium emplacement is less well constrained and may vary between several millions of years to thousand years before present (Douglas et al., 2011) . Determining the timing of mineralization is a challenge in Mulga Rock because the system has remained open and homogenized rendering complications in using isotopic clocks. The redox front and groundwater levels have also moved considerably forming a diverse suite of minerals obliterating most of the primary and diagenetic fabric that is critical in reconstructing the evolution of the deposit (Douglas et al., 2011) . A possible estimate of uranium accumulating more efficiently than its removal is during periods of extensive weathering due to humid events in the past 300,000 years (Douglas et al., 2011 ). This estimate is based on the most predominant disequilibrium pattern if uranium excess, position of the redox front, which is likely a consequence of groundwater level (Douglas et al., 2011) .
Sources and overprinting of alkanones
A variety of n-alkanones has been reported from recent and ancient depositional environments and they have been attributed to a multitude of potential sources. A direct plant origin, preferentially from sphagnum species, has been inferred frequently for the n-alkan-2-ones (e.g. Volkman et al., 1981; Ketola, 1990, 1993; Vioque et al., 1996; Baas et al., 2000; Xie et al., 2004; Nichols and Huang, 2007; Zheng et al., 2007; Ortiz et al., 2010; Ortiz et al., 2011) . Long chain n-alkanones with oxygen functionality in the C 3 to C 9
positions are not present in plants, but alkan-3-ones were reported from aerosol particles and longer mid-chain odd carbon n-alkanones of C 29 to C 39 from higher plant waxes (Baker, 1974; Cranwell, 1984; Simoneit et al., 1988 Simoneit et al., , 1991 Jetter et al., 2006; Schwark, 2009 ). Short chain n-alkan-3-ones are present rarely in soils, whereas n-alkan-2-ones are often abundant (Bai et al., 2006) . The alkanone distributions reported in extant land plants is not sufficient to explain the patterns and shifts observed for carbonaceous shale at Ambassador, indicating that their presence and distribution is not strictly depositional.
In addition to a direct plant origin, long (C 23 to C 33 ) and short (C 14 to C 24 ) chain nalkanones found in soil, peat and sediments may arise as by-products of microbial degradation through: (i) microbial oxidation of the corresponding n-alkanes (Arpino et al., 1970; Cranwell et al., 1987; Ambles et al., 1993; Jaffé, 1993; van Bergen et al., 1998; Ortiz et al., 2010 Ortiz et al., , 2011 ; or (ii) microbial beta-oxidation and decarboxylation of n-fatty acids (Volkman et al., 1981; Chaffee et al., 1986; De Leeuw, 1986; Quenea et al., 2004) . The sediments at Ambassador, however, do not contain keto-bearing isoprenoids that are commonly observed when microbially mediated oxidation of aliphatic, alcohol or fatty acid precursors is considered. This is in agreement with the distribution of aliphatic hydrocarbons (Fig. 4) , which also lack isoprenoidal analogues and strongly suggests an origin from a precursor polymer that contained only straight chain alkyl moieties.
Humification may also change the distribution of n-alkanones by increasing the relative abundance of short-chain homologues, although a specific mechanism has not yet been elucidated (Lehtonen and Ketola, 1990; Quenea et al., 2004) . The shift in the distribution of alkanones in peat materials to a predominantly C 17 -or C 21 alkan-2-one, as documented by Lehtonen and Ketola (1990) , does not fit the patterns of change observed for the carbonaceous sediments at Ambassador, thus humification cannot sufficiently explain the case of alkanone distribution for this study.
In fossiliferous sediments of higher thermal maturity, n-alkan-2-ones are occasionally present and are commonly associated with a thermal evolution of host sediments subjected to volcanic intrusions (e.g. George and Jardine, 1994) , formation of hydrothermal petroleum (e.g. Leif et al., 1992; Leif and Simoneit, 1995) , or altered bitumen and oil coupled with Mississippi Valley Type metal deposits (e.g. Wu et al., 2012; Wu, 2013) . Jurassic oil from the Siberian Platform have been shown to contain n-alkan-2-ones accompanied by various oxygenated aromatic hydrocarbons (Strelnikova and Serebrennikova, 2011) . Tuo and Li (2005) reported alkanones oxygenated in positions C 2 to C 5 in an outcropping immature Jurassic coal, although it remains unclear whether potential microbial oxidation took place syn-genetically or through recent weathering of this deposit. Alkan-2-ones have been encountered in exclusively sedimentary environments, whereas samples characterized by intimate thermal overprinting of OM showed exceptional occurrence of alkanones with oxygen functionalities in both terminal and internal chain positions of C 4 to C 9 (e.g. George and Jardine, 1994; Leif and Simoneit, 1995) . Such alkanones were also observed in pyrolysis experiments of oil shale and the position of the ketone moiety (C 2 to C 12 ) was interpreted to indicate a former ether-bonding site to the kerogen network (e.g. van de Meent et al., 1980; Sinninghe Damsté et al., 1993; Riboulleau et al., 2000) . Thermally induced cleavage of ether bonds as observed in pyrolysis experiments may thus contribute to the formation particularly of mid-chain alkanones.
There are frequent reports of alkanones with various oxygenation positions between C 3 to C 10 , usually dominated by alkan-9-ones and alkan-10-ones when derived from
Botryococcus braunii-type algae, generated upon pyrolysis of the ether cross-linked algal biopolymer (Gatellier et al., 1993; Sinninghe Damsté et al., 1993) . There are, however, no reports of mid-chain ether bond n-alkyl lipids in sporinite so far and hence this formation mechanism remains unproven. The carbonaceous sediments at Ambassador have neither been buried significantly nor affected by heat sources such as intrusions, and consequently a thermal formation of C 2 to C 10 keto-substituted alkanes is unlikely.
The conversion to alkanones of long chain carboxylic acids present as free molecules is not a valid pathway for our samples, because the carbonaceous sediments at Ambassador do not contain long chain fatty acids. Previous pyrolysis treatment of sporinite generated a suite of terminal monocarboxylic acids ranging from C 9 to C 33 and maximising at C 13 (Blanc et al., 1991) . Carboxylic acids released from the biopolymers could subsequently undergo partial reduction to yield the n-alkan-2-one distribution found in the carbonaceous sediments at Ambassador. Exclusively terminal carboxylic acids forming upon sporinite pyrolysis and migration of carboxylic moiety along the alkyl chain is also not feasible, thus making an origin of the alkan-3-ones to alkan-9-ones observed from sporinite carboxylic acids unlikely.
Previous work on liptinitic oil shale by Regtop et al. (1982 Regtop et al. ( , 1985 pointed towards an origin of alkan-2-ones via decarboxylation of β-ketoesters, but indicated that formation of midchain analogues according to this model is not possible.
Thus, none of the previously-observed source or causality for alkanones can sufficiently explain the patterns of their distribution in the Ambassador deposits. Taking note that the abundance of alkanones and the alkan-2-one isomer increase with higher U content of the bulk sample opens a strong possibility that alkanone production is a result of radiolysis as we discuss below.
Uranium localization
The U-concentration within our samples is generally non-uniform as shown in Fig. 2e .
Enrichment of U has been noted in palynomorphs possessing poly-aliphatic exine biopolymers (e.g. Bubert et al., 2002; de Leeuw et al., 2006) , in particular spores and pollen (but not excluding fungal or bacterial palynomorphs), which we have also determined by maceral analyses (Section 3.2). The intimate spatial association of an amorphous U-coating with the biopolymers of the palynomorph is postulated to initiate radiolytic cleavage of alkyllipids from the macromolecules, ultimately forming the suite of alkanones observed. Several potential pathways of formation are discussed in the following section.
Mechanism of alkanone formation
Analogous to thermal cracking as documented by George and Jardine (1994) and Leif and Simoneit (1995) , it is feasible to assume that radiolytic cleavage of alkyl chains from a poly-aliphatic biopolymer will yield in the first instance terminal alkenes (Fig. 7) . These may undergo rapid isomerization of the double bonds through acid catalysis leading to various positional alkene isomers that may subsequently undergo hydration to intermittently give the corresponding alcohols, which are very rapidly dehydrogenated to form the more stable alkanones (Leif and Simoneit, 1995) . The high hydrogen concentration in the low pH peaty environment of the sediments at Ambassador may have facilitated intensive alkene isomerization. Depending on the prevailing degree of alkene isomerization, alkanones with keto-functionalities between C 3 to C 10 can be formed. In early stages of radiolytic cracking, alkyl-chains with biologically inherited odd-carbon-predominance may be generated and these will undergo intensive isomerization leading to a diverse suite of alkanones, which will produce similar abundances of alkanone isomers as observed for sample MR-51 (Fig. 6b) .
Experiments conducted by Leif and Simoneit (1995) The sample with the highest U-content and hence the potentially highest radiolytic alteration of an aliphatic biopolymer precursor at Ambassador gives a distribution that differs from the other, less U-rich samples (MR-49; Fig. 5b ). The isomer pattern is dominated by the alkan-2-ones and a trend towards the alkan-2-one dominance is already indicated in sample MR-53, characterized by the 1700 ppm U-concentration (Table 1; Figs. 5c and 6b). When conducting hydrous pyrolysis experiments, Leif and Simoneit (1995) tested for the effects of catalytic additives in the formation of alkanones and noted that in the presence of iron sulfide the distribution of alkanones generated was dominated by the alkan-2-one with lesser contributions from other isomers. This observation is confirmed in the sedimentary sequence at Mulga Rock where Sample MR-49, having a sulfur content almost three times higher than the other samples (Table 1 ; Fig. 5b ) and contains iron sulfides (Douglas et al., 2011) , reveals an alkanone distribution strongly dominated by the alkan-2-one isomer. The decline in the chain length of the alkanones in Sample MR-49 is due to successive radiolytic cracking of alkyl chains from the aliphatic biopolymer precursor thus leaving only shorter alkyl moieties for cleavage in the advanced stage of radiolytic alteration.
The high U-content in the Ambassador sample will concomitantly lead to radiolytic cleavage of water molecules, yielding highly reactive OH -radicals that will rapidly interact with the double bond of the alkenes produced simultaneously (Fig. 7) . This may lead to a fast formation of the corresponding alkanones, then preferably in the alkan-2-one configuration due to insufficient time for double bond migration, as observed for Sample MR-49. Thus, for the first time, it can be proven in the natural setting and at a molecular level that radiolysis can yield characteristic alkanone degradation products at average sediment levels of only 1000 to 5280 ppm U. Localized enrichment of U within these sediments may, however, cause much higher-dose levels.
The proposed formation mechanism involves α-radiation induced cleavage of alkyl side chains from aliphatic biopolymers forming the outer exine of palynomorphs to yield terminal alkenes, which can undergo double bond isomerization in the low pH, peaty environment.
Subsequent reaction of either OH -radicals, formed through water radiolysis in U-rich sediments, with the alkenes yielded ketones or alternatively alkenes (Fig. 7) . The alkanones would then be hydrogenated to alcohols, which when dehydrogenated can revert to alkanones. Depending on the location of the double bond in the alkene precursor, alkanones with keto functionalities in the corresponding positions will result. Suppression of double bond isomerization and hence preferential formation of alkan-2-ones is favored in sulfur-rich environments, particularly those bearing iron sulfides, and by rapid reaction of alk-1-enes with OH -radicals prior to double bond migration.
Figyre 7
Effects of radiolysis on OM
Uranium enrichment and associated radiation will affect the composition of sediment OM by reducing the relative proportion of hydrogen (as monitored by HI or the H/C ratio) or dehydrogenation and in parallel increase the oxygen proportion (OI or O/C ratio kerogen) in the bulk kerogen or black shale (Zumberge et al., 1978; Nakashima et al., 1984; Leventhal et al., 1986; Dahl et al., 1988; Lewan and Buchardt, 1989; Disnar and Sureau, 1990; Landais, 1996b; Court et al., 2006; Greenwood et al., 2013) . Most of the radiation resulting from 238 U decay in natural systems will be emitted in the form of a-radiation (Lewan et al., 1991) , which has a shallow penetration depth of <100 microns, followed by less intensive gradiation which penetrates several decimeters. In natural systems it must be noted that distribution of radiation-emitting elements is not uniform and hence intimate spatial association of OM and U can lead to significant alteration despite the shallow penetration depth of a-rays. Petrographic evidence for a-radiation damage has been reported frequently (see review in Landais, 1996) .
In natural sedimentary systems and oils, the effect of ionizing radiation on a molecular level reduces the amount of isoprenoids versus n-alkanes and causes side chain cleavage in steroids (Dahl et al., 1988) . A decline in the ratio of long chain versus short chain alkanes with increasing U-content indicates radiolytic cracking of hydrocarbon chains (Dahl et al., 1988) . Upon radiolysis normal alkanes loose H-atoms approximately three times more rapidly from a secondary position than from a primary position (Wojnarovits and Schuler, 2000) . Loss from the different secondary positions is essentially statistical with competing processes involved in bond rupture producing radicals in the radiolysis of normal alkanes.
The formation of alkenes due to radiolytic decay has been shown for a number of natural oils (Frolov, 1995) .
Several experiments that have artificially applied radiation to natural OM have been conducted (e.g. Lewan et al., 1991) , based on the use of g-radiation that might not be representative for near natural conditions where a-radiation is of higher relevance. No formation of ketones was observed in these artificial radiolysis experiments. However, intentional routine radiolytic treatment to fresh food and plant materials for sterilization purposes in food processing does result in formation of other alteration products. These radiolytic products, such as n-alkenes, have been observed after the radiolytic treatment of peanuts (Park and Hwang, 1999) , apricots and herbs (Kim et al., 2010) . n-Alkanes and nalkenes from meat-derived triglycerides (Barba et al., 2012) have been reported as well as the formation of volatile aromatic compounds (Kim et al., 2005) , and various alkyl lipids, including cyclobutanones (Blanch et al., 2009; Crews et al., 2012) . Radiolytic cracking of heavy oils and bitumen has been demonstrated to be feasible, although the generation of light hydrocarbons is counterbalanced by heavy polymerization products (Lewan et al., 1991; Zaikin, 2008; Zaikin and Zaikina, 2013) . In samples with low uranium concentrations of <1700 ppm, long chain alkyl lipids with a predominance of odd-numbered chain length isomers provides an original record of depositional terrestrial plant origin and confirms low thermal maturity for the system. The alkyl lipid signature is consistent with the bulk kerogen composition, the organic petrology results and the sedimentological characteristics of the depositional environment. Slight alteration of the alkyl lipid composition is noted in Sample MR-53, where the mode of nalkane isomers is shifted from a C 27 +C 29 +C 31 cluster to C 25 dominance and in the alkanones fraction, where a shift in the isomer pattern towards a dominance of the alkane-2-one is recognized (Figs. 4b and 6 ). Much stronger alteration is present in sample MR-49, in agreement with a threefold higher U-concentration, which has experienced the same thermal history compared to the other samples. The massive shift in n-alkanes towards shorter chain analogues, accompanied by a complete loss of odd-over-even predominance, indicates carbon-carbon bond cracking of higher molecular weight n-alkanes and massive addition of newly formed n-alkanes without a wax-inherited odd-over-even predominance. The lack of isoprenoidal compounds generated by this cracking process suggests a poly-aliphatic precursor devoid of isoprenoidal structural moieties. This excludes microbial OM as a potential source and indicates an origin from polyaliphatic biopolymers, making spore exines or algeanan the most suitable precursors. The absence of alginite in micropetrographical analysis accompanied by a high abundance of sporinite and the U-enrichment on sporinite palynomorphs supports a radiolytic breakdown of the sporinite-type biopolymer to yield the corresponding straight chain alkanes and eventually alkanones.
CONCLUSIONS
A close spatial association of amorphous U and phytoclast surfaces induced radiolytic cracking of highly aliphatic biopolymers producing n-alkanes is present at the Ambassador U prospect, Mulga Rock. Radiolysis and a cascade of secondary and tertiary reactions, such as further cracking, radiolysis of water to produce OH -radicals and carbonylation, produced a suite of terminal and mid-chain alkanones. The diversity of alkanone isomers decreases and their distribution is dominated by the alkan-2-one moiety when isomerization is inhibited by rapid reaction with radicals, such as OH -, the latter generated from water radiolysis at high U concentrations. It is shown for the first time that alkanones form as radiolytic degradation products from aliphatic biopolymers at bulk amorphous uranium concentrations ≥1700 ppm.
Low radiation doses associated with <5000 ppm U and geologically short exposure times possibly during the last 300,000 years prevented formation of radiolytic haloes. Such haloes are usually observed where U concentration in the organic matter is much higher and radiation exposure is much longer the U concentrations and exposure times of organic matter from our study. Tracking "radiolytic molecular markers" can serve as an early tool for radiolysis in instances where petrographic and mineral alteration is not discernible.
The breaking of C-C bonds in low temperature and pressure systems, much lower than those observed in the oil window, and recognition of radiolytic effects can have implications regarding initiation of petroleum formation, paleo-environmental reconstructions, mineral exploration, and environmental applications. Thus in addition to biogenic, anthropogenic and petrogenic molecular markers, we propose that "radiolytic molecular markers" can be indicative of radiolytic cracking rather than thermal or microbial oxidation. showing abundant detrital liptinitic organic matter; LD= liptodetrinite; and e) U distribution map of block specimen representative for the Ambassador prospect using field emission electron probe microanalysis. Note preferential U enrichment in palynomorphs (marked by white arrows 1, 2), moderate enrichment in woody organic material (arrow marked 3) and low impregnation of background mineral matrix. 
Highlights:
· Bulk kerogen compositions indicate land plant sources for organic matter in the uranium deposit. · Radiolysis led to cleavage of straight long chain forming medium chain length n-alkyl moieties. · Secondary and tertiary reactions with OH -radicals promoted the formation of alkanones. · "radiolytic molecular markers" imply molecular markers resulting from radiolytic cracking. · A mechanism is proposed for the production of n-alkanes and n-alkanones
